Introduction
Low-energy boron implantation in silicon is the most frequently used procedure in VLSI technology to fabricate ultra shallow p + /n junctions. To realize boron doped layers shallower than a few tens nm, suppression of channeling of implanted boron atoms along <111> direction is important and silicon surface is usually pre-amorphized prior to the boron implantation. While analytical methods and techniques with high-resolution are necessary to best design the fabrication process, extremely shallow depth of the junction makes difficult the analyses by experimental approaches.
To analyze and optimize the low energy boron implantation process, our group has succeeded in developing an original tight-binding quantum chemical molecular dynamics program, Colors, which realizes over 5,000 times faster calculation than the conventional first-principles molecular dynamics method [1] [2] [3] . Sasata et al. successfully applied Colors to the low energy boron implantation process and clarified the best implantation angle for controlling the depth of implanted boron atoms [4] . Tsuboi et al. extended the study and statistically analysed the process for the theoretical optimization [5] . These preceding works adopted relatively small simulation model with 20 Å thickness and some of implanted boron atoms transmitted through the model.
In this study, we developed a hybrid tight-binding quantum chemical molecular dynamics program, Hybrid-Colors, to realize the study of large-scale system. We applied Hybrid-Colors to the low energy boron implantation process. Prior to the boron implantation, we simulated silicon preamorphization by irradiating a Ge atom.
Computational Method
Hybrid tight-binding quantum chemical molecular dynamics program, Hybrid-Colors, was developed by hybridizing Colors and a classical molecular dynamics program. In Hybrid-Colors program, the atoms that would be involved in the reactions are calculated by Colors program, while the bulk of the system is calculated classically. This allows for the rapid calculation of large systems.
Results and Discussion
To realize the study of implantation process by Hybrid-Colors program, we developed a dynamic hybridization scheme. In our scheme, the spherical region surrounding a specified atom is considered in the quantum chemical calculation by Colors program as schematically shown in Figure 1 . We denote the spherical region as "QC part" hereafter. We define implanted or irradiated atom as the central atom of QC part in the above scheme. QC part moves as the central atom moves into the silicon substrate. To realize the quantum chemical calculations for QC part with the stable electronic structures, we also take into account the effect of surrounding atomic structures in the quantum chemical calculations. i.e., silicon atoms directly bonded with atoms in the QC part are also included in Colors calculation. To counter the valence effect, the dangling bonds are terminated with hydrogen atoms.
Preamorphization process of H-terminated Si(100)-2×1 surface by Ge irradiation was simulated by using the developed Hybrid-Colors program. Figure 2(a) shows the initial structure. This system consists of 28,673 Si atoms with the approximate thickness of 150Å. The Ge was vertically irradiated toward the Si substrate with the kinetic energy of 5 keV. 5,000 steps of simulation was carried out with the time interval of 0.1 fs. The temperature of silicon substrate was controlled at 300 K. The irradiated Ge atom was excluded from the temperature controlling scheme in the program. We have successfully approximately 100 Å from the silicon surface. The irradiated Ge atom penetrated deeper into crystal passing through the interstitial sites of the silicon crystal. Associated with the Ge penetration, the amorphization of the silicon was observed and finally we obtained the amorphized silicon structure as shown in Figure 2 (b). After pre-amorphization process, a boron atom with the initial kinetic energy of 200 eV was implanted into the preamorphized silicon substrate. Figure 3 shows the trajectory of implanted boron atom. It was confirmed that the depth of the boron atom from the top of the amorphized surface model was approximately 10 Å. Figure 4 shows the time profile of the energy of implanted boron atom. From Figure 4 , it is clear that the energy of the boron atom is sharply decreased at around 50 fs. From the electronic point of view, we analyzed the summation of Mulliken bond populations of B atom with surrounding Si atoms during the implantation process, which is also shown in Figure 4 . It is confirmed that the loss of the kinetic energy of irradiated B atom corresponds to the increase of the total bond population at around 50fs indicating the importance of bond formation and dissociation for decreasing kinetic energy of implanted B atom. After ca. 100 fs, total bond population does not change significantly, indicating that the weak covalent bonds between B atom and its surrounding Si atoms are formed. This result is in line with results calculated by Colors program [4] , indicating the validity of the hybridization scheme implemented in Hybrid-Colors program.
Conclusion
We have developed a hybrid tight-binding quantum chemical molecular dynamics program, Hybrid-Colors, to realize the study of large-scale systems. Developed Hybrid-Colors program with a dynamic hybridization scheme was applied to the study of B implantation into preamorphized Si surface using a large model with 150 Å thickness. We successfully simulated two of a series of processes in the semiconductor fabrication, i.e. preamorphization and subsequent B implantation. Future extension of our study is expected to lead to the realization of atomistic simulator for total process optimization.
